We are studying the genetic factors underlying the common forms of heart disease by Identifying genes that affect normal variations in plasma llpid, lipoproteln, and apolipoprotein concentrations In baboons. For these studies we are using cloned human gene probes to Identify restriction fragment length polymorphisms (RFLPs) at loci encoding the proteins of cholesterol metabolism. In this report we present the Identification and mapping of a polymorphic Ava II cleavage site In Intron 17 of the baboon low density lipoprotein (LDL) receptor gene. We determined genotypes for this RFLP on a population of 253 pedigreed baboons and assessed the effect of LDL receptor RFLP genotypes on serum concentrations of LDL cholesterol (LDL-C) and apolipoprotein B (apo B). These measures were obtained for each baboon on each of two diets: a low cholesterol, low fat (basal) diet and a high cholesterol, high saturated fat (atherogenlc) diet Statistical analysis detected a significant association between LDL receptor genotype and serum LDL-C and apo B concentrations on both diets. Homozygotes for the rarer allele had lower serum concentrations of LDL-C and apo B than did homozygotes for the common allele, and with the exception of apo B levels on the basal diet, Intermediate levels were observed in heterozygotes. The LDL receptor RFLP accounted for approximately 3% to 7% of the variation In serum LDL-C and apo B concentrations on both diets. (Arteriosclerosis 9:829-835, November/December 1989) S erum levels of cholesterol and lipoproteins are important metabolic indicators of atherogenesis and subsequent heart disease. Elevated circulating levels of low density lipoproteins (LDL) are positively correlated with increased risk of atherosclerosis, whereas elevated levels of high density lipoproteins (HDL) are negatively correlated with risk and may be protective against atherogenesis. Circulating LDL is removed by binding of its apolipoprotein B (apo B) component with hepatic LDL receptors followed by internalization and catabolism in hepatic cells. 1 LDL receptor gene defects that alter receptor synthesis, cellular distribution, or binding properties can result in familial hypercholesterolemia (FH), which is associated with elevated levels of serum LDL cholesterol (LDL-C), xarrthomas, and premature atherosclerosis. In human populations, FH heterozygotes account for less than 5% of subjects with heart disease.
S erum levels of cholesterol and lipoproteins are important metabolic indicators of atherogenesis and subsequent heart disease. Elevated circulating levels of low density lipoproteins (LDL) are positively correlated with increased risk of atherosclerosis, whereas elevated levels of high density lipoproteins (HDL) are negatively correlated with risk and may be protective against atherogenesis. Circulating LDL is removed by binding of its apolipoprotein B (apo B) component with hepatic LDL receptors followed by internalization and catabolism in hepatic cells. 1 LDL receptor gene defects that alter receptor synthesis, cellular distribution, or binding properties can result in familial hypercholesterolemia (FH), which is associated with elevated levels of serum LDL cholesterol (LDL-C), xarrthomas, and premature atherosclerosis. 2 In human populations, FH heterozygotes account for less than 5% of subjects with heart disease. 2 The physiological and genetic mechanisms responsible for heart disease in the remaining 95% of cases are poorly understood. In contrast to single-gene defects associated with extreme alterations in serum lipids, the more common forms of heart disease may stem from variations at many gene loci that result in differential dietary response and normal variation in serum lipid levels. The contributions of genes with small effects are especially difficult to detect in humans because intake of dietary fat and cholesterol is difficult to control.
We are using the baboon model to test for the genotypic effects on pathways of cholesterol metabolism under two experimentally controlled dietary conditions: basal (nonatherogenic) and atherogenic. 34 In contrast to many other animal models, baboons, like humans, have a modest lipemic response to an atherogenic diet, perhaps reflecting similarity in homeostatic control of lipid metabolism. 58 Furthermore, baboons from natural habitats develop atherosclerotic lesions, a process that can be accelerated and amplified by diets enriched in cholesterol and saturated fat. 7 This report describes the identification and mapping of a polymorphic Ava II cleavage site in intron 17 of the baboon LDL receptor gene (restriction fragment length polymorphism, RFLP) and classification of RFLP genotypes in a population of 253 pedigreed baboons. We also investigated the effects of LDL receptor RFLP genotypes on plasma lipid levels by testing for associations of genotypes with serum levels of LDL-C and apo B measured on basal and atherogenic diets. These studies showed that homozygotes for the least common allele had lower levels of LDL-C and apo B on both diets compared to homozygotes for the common allele, and intermediate values were observed in heterozygotes. This article reports on the first detection of the effects of LDL receptor polymorphism on normal variations in serum apolipopro-tein levels, rather than on the extreme effects, such as those associated with FH in humans.
Methods

Baboons and Diets
The 253 pedigreed baboons (Papio hamadryas anubis, P.h. cynocephalus, and hybrids) used in this study were maintained at the Southwest Foundation for Biomedical Research by research investigators. The study population consisted of 21 sires, 95 dams, and their 137 progeny (102 females and 35 males). The 21 sire families ranged in size from 3 to 35 individuals. The baboons ranged in age from 1.5 to 22 years, with an average age of 7.2 years.
Serum concentrations of cholesterol and apolipoproteins, in addition to DNA samples, were obtained for 211 of these baboons on each of two diets: low cholesterol, low saturated fat (basal) and high cholesterol, high saturated fat (atherogenic). Although DNA samples could not be obtained for 42 of the parents, we included these baboons to identify the familial relationships for statistical analyses. Eighteen of the baboons were fed formula during infancy and weaned to the basal diet at 16 to 18 weeks. The basal diet (Purina baboon chow) contained 10% of kilocalories as fat and 0.03 mg/kcal of cholesterol. 8 The atherogenic diet contained 40% of kilocalories as fat (lard) and 1.7 mg/kcal of cholesterol. 8 After long-term feeding of the basal diet (more than 2 years), blood samples were collected from fasted baboons for quantitation of Iipoprotein cholesterol and apolipoproteins. The baboons then were fed the atherogenic diet for 7 weeks and bled again. The baboons were immobilized for blood collection with ketamine (10 mg/kg body weight) as approved by the Animal Research Committee at the Southwest Foundation for Biomedical Research (accredited by the American Association for Accreditation of Laboratory Animal Care and registered with the United States Department of Agriculture).
Cholesterol, Llpoproteln, and Apollpoproteln Quantltatlon
The total serum cholesterol concentration was measured by an enzymatic procedure. 910 After precipitation of the serum very low density Iipoprotein (VLDL) and LDL by heparin-Mn +2 , HDL-C was assayed by the enzymatic procedure. 11 Cholesterol concentration of the VLDL+LDL fraction was calculated as the difference between total serum cholesterol and HDL-C. Because VLDL-C concentration in baboons is usually less than 10% of the total VLDL+LDL-C, we refer to the combined fraction as LDL-C in this report. The serum cholesterol and Iipoprotein methods met the criteria of the Centers for Disease Control Lipid Standardization Program. Apo B analyses were performed on whole serum by electroimmunoassayio,i2 by using polyclonal antisera to baboon apo B.
Leukocyte DNA Extraction and Southern Blot Analyses
Baboon genomic DNA was isolated from leukocytes purified on Sepracell-MN gradients (Sepratech Corporation, Oklahoma City, OK) from whole-blood samples. Leukocytes were treated with sodium dodecyl sulfate (SDS, 5%) and proteinase K (100 ^m\) at 55°C for 16 hours. 13 After phenol extraction, the DNA was precipitated with ethanol and resuspended (1.0 mg/ml) for further analysis.
For Southern blotting, 14 leukocyte DNA was digested with Ava II (10 ^ DNA/reaction) in the buffer conditions suggested by the suppliers. Digested DNA was electrophoresed on agarose gels (0.8%) and was transferred to nylon membranes (Zetaprobe membranes from Bio-Rad, Richmond, CA) in alkaline buffers. 15 DNA-laden membranes were neutralized, were treated with prehybridization buffers containing 50% formamide (6 hours at 42°C), and were hybridized with nick-translated 16 human cDNA probes (24 hours at 42°C). The hybridized filters were washed under high stringency conditions and were subjected to autoradiography (16 hours exposure with intensifying screens). The sizes of hybridizing fragments were calculated by comparison with known DNA size markers (Hind III digested lambda bacteriophage DNA).
The hybridization probe used to identify the Ava II RFLP in a panel of 17 baboons was a cDNA clone (pLDLR-2HH1 provided by David Russell) spanning 1.9 kilobases (kb) of exons 11 to 18 of the human LDL receptor mRNA. 17 This probe was also used to determine the Ava II RFLP genotypes for 211 of the 253 baboons included in this study. To obtain hybridization probes for localization of the polymorphic Ava II cleavage site, we used random oligonucleotide primers to prepare radiolabeled restriction fragments from pLDLR-2HH1 after electrophoresis in low melting point agarose gels.
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Selection of Covarlates
We simultaneously estimated the effects of LDL receptor genotypes, polygenic factors, and covariates on LDL-C and apo B levels using maximum-likelihood methods. The covariates included sex, subspecies, nursery rearing, and sex-specific linear and quadratic age effects. The age effects for each sex were estimated as changes in LDL-C and apo B levels (mg/dl) per year. We included a parameter for the mean effect of nursery rearing (versus breast feeding) to account for possible long-term differences in LDL-C and apo B levels in offspring that were reared on formula in the nursery. 10 We also included a parameter for the differential effect of subspecies on mean levels of LDL-C and apo B to ensure that associations with the measured genotype were not attributable to admixture. This effect was estimated as a linear function of the expected proportion of P.h. cynocephalus alleles present in each baboon. Thus, P.h. anubis had an expectation of 0.0, hybrids had an expectation of 0.5, and P.h. cynocephalus had an expectation of 1.0.
We modeled levels of LDL-C and apo B (y,) for individual i as follows:
A,(nursery)+/^(subspecies)+g,+e,
where m is the mean of the jth LDL receptor RFLP genotype and the ps are regression coefficients of the covariates. The parameters were estimated by using maximum-likelihood methods. 19 Higher-order interactions (such as nursery rearing effects among RFLP genotypes) were not estimated due to sample size limitations. The parameters g, and e, are the deviations from m for individual i due to polygenic and environmental factors, respectively.
Covariates having a significant effect on LDL-C and apo B levels were identified by comparing the likelihood of the saturated model (given above) to those of reduced models in which various covariates were removed. The models were compared by using the likelihood ratio statistic, which is equal to -2 (log e likelihood^d^ mo^-loge likelihoodjaturaiod modsO-This statistic is approximately distributed a s a / with degrees of freedom determined by the difference in the number of parameters estimated in each model. A reduced model was assumed to describe the data adequately if it did not differ from the saturated model at a significance level of 0.10. To choose among several reduced models that did not differ significantly from the saturated model, we used Akaike's information criterion (AIC) which is estimated as -2 (In likelihoodmodai) +2 (number of estimated parameters). 20 The best fitting model was chosen as the model with the minimum AIC (highest In likelihood and fewest number of parameters).
LDL Receptor Association Studies
After identification of significant covariates, we tested for an association of the RFLP genotypes with serum concentrations of LDL-C and apo B on each diet. Using the likelihood ratio test, we compared the likelihood of the complete model, in which three genotypic means were estimated along with the effects of the significant covariates, to a reduced model, in which there were no differences among genotypes (that is, MAIAI = MAIA2=MA2A2)-Maximum-likelihood estimates of the parameters in these models were obtained by using the computer package FISHER. 19 This association analysis is a modification of the measured genotype analysis employed by Boerwinkle and Sing. 21 We also estimated the contribution of the LDL receptor RFLP genotype to the phenotypic variance. 22 The expected variance of the phenotype in the population is the following:
where fj and m are the frequency and mean of the jth LDL receptor genotype, y.. is the overall mean, and o- 
Results
Identification and Mapping of a Baboon LDL Receptor Gene RFLP
To identify LDL receptor gene RFLPs, we prepared, from 17 baboons, leukocyte DNA for digestion with several different restriction enzymes. Digested DNAs were used in Southern blots for hybridization with a cDNA probe spanning exons 11 to 18 of the human LDL receptor gene (pLDLR-2HH1 provided by David Russell). 17 While most cleavage sites were monomorphic in the baboon panel, Ava II detected an RFLP in the LDL receptor gene (two alleles). Figure 1 (Lanes A to C) shows an autoradiogram of a Southern blot of Ava ll-digested DNA from baboons representing each genotype. Ava II digestion of DNA from homozygotes for the A, allele produced 1.1-kb fragments (Lane A, Figure 1) , f^ homozygotes produced 0.8-kb fragments (Lane C), and A,A> heterozygotes produced hybridizing fragments of both sizes (Lane B).
The approximate location of the polymorphic Ava II site was determined by radiolabeling DNA fragments 18 containing different regions of exon 18 of the human LDL receptor cDNA clone and using them as probes in Southern blot analyses. Figure 1 ). The larger fragments (4.0 and 2.9 kb, Lanes A to C) that hybridized with the full-length pLDLR-2HH1 cDNA probe were not detected with the Xho I/Bam HI fragment probe, indicating that their locations were further upstream of exon 18. Hybridization with a smaller probe (473 bp Xho I/Hinc II fragment of pLDLR-2HHI) detected the same fragments as the Xho I/Bam HI probe, except the shared 1.5-kb fragment appeared much fainter (Lanes G to I). The 1.5-kb fragment did not hybridize with a smaller Xho I/ Sma I probe (258 bp), which detected only the polymorphic 1.1-and 0.8-kb fragments (Lanes J to L). Figure 1 shows the approximate locations of Ava II cleavage sites in the baboon LDL receptor gene with respect to the human gene map and cDNA probes used in mapping experiments. As described above, the Ava II cleavage sites were mapped by Southern blots in which an Xho I/Sma I fragment detected the polymorphic fragments but did not hybridize with the fragments shared In all genotypes. The orientations of the Ava II sites that define the polymorphic fragments were deduced from the inability to detect a 0.3-kb fragment using cDNA probes, indicating that this fragment contained only intronic sequences. The combined results of these experiments show that the polymorphic Ava II site in the A2 allele is located in intron 17, approximately 0. 
Effects of LDL Receptor RFLP Genotype on Serum Concentrations of LDL-C and Apo B
After identification of the baboon LDL receptor gene Ava II RFLP, we determined genotypes for 211 of the 253 pedigreed baboons for which DNA was available, so that we could detect associations of this gene marker with serum levels of LDL-C and apo B. The frequency of homozygotes for the common allele (A,A,) was 0.6249, the frequency of the heterozygotes (A,A;>) was 0.3312, and that of homozygotes for the rarer allele (AzAJ was 0.0439.
Before testing for significant effects of LDL receptor RFLP genotypes, we identified those factors (covariates) that had significant effects on LDL-C and apo B levels on each diet. As described in Methods, we compared models that simultaneously estimated the effects of LDL receptor genotypes, polygenic factors, sex, subspecies, nursery rearing, and age on serum levels of LDL-C and apo B on both diets. Because we found no evidence for quadratic age effects for LDL-C or apo B levels in either males or females, all reduced models were compared to a saturated model in which the quadratic age terms were excluded.
For LDL-C levels on the basal diet, the model that included effects for nursery rearing, polygenic factors, and age in males was not significantly different (# fore, these covariates were included in our subsequent measured genotype comparisons (Table 1) . For LDL-C levels on the atherogenic diet, we found no evidence for significant sex, female age, or nursery rearing effects, but there were significant polygenic, subspecies, and male age effects (x 2^^^, p>0.7). These significant covariates were included in the measured genotype analyses of LDL-C levels on the atherogenic diet (Table 1) .
We found that nursery rearing, age (for each sex separately), and subspecies contributed significantly to variation in apo B levels on the basal diet Ot 2 1 =0.0, p>0.9). Although a model excluding subspecies effects was not significantly different from the saturated model (* 2 j=2.44, p>0.2), its AIC was higher than the model including subspecies effect. Therefore, we included age, nursery rearing, and subspecies effects in measured genotype analyses of apo B levels on the basal diet ( Table 2) . For apo B levels on the atherogenic diet, we found no evidence for significant sex, nursery rearing, or subspecies effects, but there were significant age effects for each sex Ct genotypic effects on the levels of LDL-C and apo B. This comparison showed that LDL receptor genotypes were significantly associated (p^0.05) with different concentrations of LDL-C (Table 1 ) and apo B (Table 2 ) on both diets. Homozygotes for the common allele (A,A,) had higher mean LDL-C levels on basal and atherogenic diets (56.83 and 117.40 mg/dl, respectively) than did homozygotes for the rarer allele (A-A^ (41.23 and 81.87 mg/dl, respectively), and heterozygotes had intermediate LDL-C levels (47.55 and 89.98 mg/dl, respectively). Similarly, A,A, homozygotes had the highest levels of apo B on the atherogenic diet (60.25 mg/dl), A2A2 homozygotes had the lowest levels (47.57 mg/dl), and heterozygotes had intermediate apo B levels (53.13 mg/dl). A,A, homozygotes also had the highest apo B levels on the basal diet (41.95 mg/dl), but AaAj homozygotes had apo B levels similar to those of heterozygotes. Because a model in which mean levels of apo B were constrained to be equal for A,A2 and A2A2 genotypes was not significantly different from the current model (* 2 ,=0.41, p>0.5), we may have detected a dominant effect of the Aj allele on apo B levels on basal diet.
We also calculated for both diets the proportion of variation in LDL-C and apo B levels that was attributable to LDL receptor genotypes ( Table 3 ). The proportion of the total variance due to LDL receptor genotypes ranged from 3.2% for apo B levels on the atherogenic diet to 6.7% for LDL-C levels on the atherogenic diet. These values are similar in scale to the proportions of variation in total cholesterol and LDL-C concentrations explained by apo E polymorphisms in human populations (8.7% and 4.2%, respectively).
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Discussion
This report of an association of a baboon LDL receptor gene RFLP (Ava II site in intron 17) with LDL-C and apo B levels describes the first detection of the effects of LDL receptor polymorphism on normal variations in serum lipoprotein concentrations. In contrast to LDL receptor gene RFLPs linked with FH in human kindreds, 2425 genotypes for the baboon RFLP had small, but significant, effects on serum LDL-C and apo B levels. Homozygotes for the rarer allele ( A^) had lower LDL-C (Table 1 ) and apo B (Table 2) concentrations than did A,A, homozygotes. Except for apo B levels on the basal diet, intermediate values were observed in A,A2 heterozygotes. The LDL receptor genotypes accounted for 6.2% and 6.7%, respectively, of the variation in LDL-C levels for baboons on the basal and atherogenic diets, and for 4.8% and 3.2%, respectively, of the variation in apo B levels (Table 3) . These LDL receptor gene effects represent a substantial genetic contribution, ranging from 9.2% to 15.6% of the total genetic effects on LDL-C and apo B levels in baboons on both diets.
These associations are consistent with the known functional properties of LDL receptors. Circulating apo Bcontaining lipoprotein particles are removed by the LDL receptor; therefore, this RFLP may identify alleles encoding LDL receptors with different properties of apo B binding or internalization, or with different cellular distributions or numbers. We did not detect strong differences in the dietary response among genotypes, because associations with LDL-C and apo B levels were detected on both basal and atherogenic diets. The Ava II site polymorphism may not directly affect the protein structure or expression of the LDL receptor since it is located in an intron with no known function. However, this polymorphism will be used to identify alleles for sequence comparison to detect differences that alter LDL-C and apo B levels.
